Understanding the cracking behaviour of biological composite materials is of practical importance. This paper presents the first study to track the interplay between crack initiation, microfracture and plastic deformation in three dimensions (3D) as a function of tubule and collagen fibril arrangement in elephant dentin using in situ X-ray nano-computed tomography (nano-CT). A nano-indenter with a conical tip has been used to incrementally indent three test-pieces oriented at 0°, 45°and 70°to the long axis of the tubules (i.e. radial to the tusk). For the 0°sample two significant cracks formed, one of which linked up with microcracks in the axial-radial plane of the tusk originating from the tubules and the other one occurred as a consequence of shear deformation at the tubules. The 70°test-piece was able to bear the greatest loads despite many small cracks forming around the indenter. These were diverted by the microstructure and did not propagate significantly. The 45°test-piece showed intermediate behaviour.
Introduction
It is well known that considerable toughness is achieved in many biological structural materials (e.g. bone [1] , dentin [2, 3] , beetle cuticle [4] , lobster [5] , and nacre [6] ) through the use of interfaces and a hierarchical architecture [7] as a means of hinder-ing crack growth. In particular, the crack-resistance of dentin, as the major constituent of teeth and tusk, is a subject of considerable biomechanical interest. Here our aim is to look at the fracture of elephant dentin at the microscale to study the underlying physical processes as a function of sample orientation. Insights into the interplay between the microstructure and the crack behavior will help us to have a better understanding of the crack-tip shielding mechanisms and could potentially inspire biomimetic design [8] .
Elephant dentin (tusk, Fig. 1 ) is studied in part because it is an interesting anisotropic material, in part because it has many chemical and structural similarities to human dentin, bones and antlers [9] [10] [11] and in part because it is possible to obtain nominally identical samples from a single tusk thereby eliminating sample to sample variation. The hierarchical microstructure of elephant dentin is well studied. At the mesoscale elephant dentin includes dentinal tubules that run radially from the central pulp to the periphery of the dentin following a wavy trajectory with a periodicity of $1 mm [12, 13] (Fig. 1b ). Compared to human dentin, which has tubules of approximately circular cross-section, the $5 lm diameter tubules in elephant dentin are elliptical with the semimajor axis oriented parallel to the length of the tusk ( Fig. 1d and  e ). At the microscale, the mineralised collagen fibers are arranged essentially in cylindrical layers perpendicular to the tubules. By contrast to human dentin which has the fibrils oriented randomly within the plane of the layers in tusk they tend to be oriented within ±15°of the axial direction [13, 14] (see Fig. 1d ). At the nanoscale, each of the mineralised collagen fibers is composed of bundles of collagen fibrils, which are themselves made up of collagen molecules and Mg-rich hydroxyapatite needles [15] [16] [17] [18] [19] [20] ( Fig. 1e and f) : the highly mineralized hydroxyapatite (HAP) improves the stiffness, while the collagen provides toughness [21] .
The fracture properties of human, bovine and elephant dentin have been widely studied [24] [25] [26] [27] . It has been found that the crack growth is highly anisotropic in these biological composite materials. For elephant dentin the critical fracture toughness K IC is at least 50% higher for cracks propagating parallel to the long axis of the dentinal tubules compared to those perpendicular to the tubules [26, 28, 29] . The anisotropy of fracture toughness is attributed to the underlying crack-tip shielding mechanisms. Lu et al. [14] observed significant uncracked-ligament bridging and a multiple finger-like crack front morphology by non-destructive highresolution 3D X-ray computed tomography (CT). These extrinsic shielding phenomena were mainly found for cracks growing in the radial-axial plane of the tusk, when the crack propagates parallel to the tubules. Understanding the relationship between the local microstructure and the various shielding mechanisms has been the focus of a great deal of research [28, 30, 31] .
Nanoindentation has been used extensively to investigate the mechanical properties of teeth and to correlate this with the underlying microstructures [32] [33] [34] [35] [36] . It has been found that the main cause of the elastic anisotropy is the arrangement of hydroxyapatite crystals along or perpendicular to the indentation direction [37] . Hydrated dentin has been found to have a significantly lower hardness compared to dehydrated dentin but similar energy absorption [38] . Nanoindentation has also been used to provide local fracture toughness measurements [39] [40] [41] , which differ significantly from those measured using conventional test methods (i.e. compact tension). Even for the same indentation test, different empirical equations can lead to a large degree of scatter [42] [43] [44] . Consequently, the indentation method is often used as a semiquantitative way to rank the toughness of different materials, rather than for absolute property measurement [45] . Nevertheless, indentation has been found to be a useful means of studying the microfracture behavior, crack-tip shielding and their anisotropy [46] . X-ray computed tomography (CT) is being used increasingly to non-destructively inspect the 3D micro-structure of materials [47, 48] . It has been applied to study the 3D crack morphologies and propagation below the surface of dentin [47, 49, 50] , helping to elucidate the shielding mechanisms and fracture anisotropy. In particular, the 'finger' crack front morphology observed by Lu et al. [14] , which extends approximately 400 lm behind the crack-tip across the entire sample thickness and is a major contributor to crack-tip shielding but could not be seen by conventional cross-sectioning. Another advantage of CT data over optical microscopy is the ability to study the evolution of cracks through timelapse sequences, as well as to use digital volume correlation (DVC) to obtain 3D full-field strain maps. DVC, which is the 3D analogue of digital image correlation (DIC), has been used to study the straining of biological tissues such as bone [51, 52] as well as dimensional changes in dentin during hydration/dehydration [53] .
This study looks at the interplay between crack initiation, microfracture and plastic deformation in relation to the local microstructure, namely the tubules and collagen fibers using in situ 3D X-ray nano-CT indentation. In order to examine the effect of tubule orientation samples are indented using a customised nano-mechanical test rig [54] in three different orientations (0°, 45°and 70°to the long axis of the tubules). Our aim is to develop a better understanding of the crack-tip behaviour in relation to the dentin microstructure during the early stages of crack growth. Absorption and phase contrast scans were conducted at each load step to retrieve the tubule and crack morphologies, respectively. In this way the crack-tip strain field was then mapped by applying DVC to the image sequences to quantify the anisotropy of the deformation and fracture.
Materials and experimental methods

Test-piece preparation
Mature African elephant tusk was used in this study; the material having been made available by the UK Customs House, ethically and legally, solely for the purpose of scientific research. The coordinate system relative to the tusk is shown in Fig. 2a and the orientation of the tubules clearly shown in Fig. 2b . To investigate the anisotropy and micro-mechanisms of crack growth, three test-pieces were prepared each having a different orientation of tubules relative to the loading axis of the indenter: 0°( Fig. 2c ), 45°( Fig. 2d ) and 70°( Fig. 2e ).
Time-lapse X-ray nano-CT
A novel nano-mechanical test stage was developed for integration into the Xradia Ultra series X-ray microscopes [54] . The assembly and experimental setup is shown in Fig. 3 . The fixture includes a piezo-mechanical actuator, a load cell (force sensor) and a cone-shaped indenter above a flat-headed pin, where the test-piece is mounted. The whole assembly is mounted on the X-ray microscope stage, which rotates for tomographic data collection. The load was applied under displacement control in steps of 1 lm. The test-piece was held in position to allow the load to stabilise before each scan. The diamond indenter tip is semi X-ray transparent to allow the observation of the tip-sample interface. Fig. 3c -e shows the projections of the three test-piece orientations using phase contrast mode. The orientations of the tubules are clearly visible. Gold balls (2 lm diameter) were placed on the sample surface for post-correction of any sample drift during the scan.
The nano-CT scans were acquired on a Zeiss Xradia 810 Ultra Xray microscope at the Henry Moseley X-ray Imaging Facility. This system uses 5.4 keV quasi-monochromatic X-rays and generates images with a spatial resolution (as against pixel size) of 150 nm. Test-pieces were manually polished to a truncated cone shape to achieve a diameter of approx. 50 lm at the top and 1 mm at the bottom. The field of view is 64 lm with projections collected every 90 s using a 1 k by 1 k pixel 16-bit camera (effective voxel size of 64 nm). Each projection was separated by an angle of 0.25°giving 721 projections over a 140°scan. This limited angle scan is 40°less than a normal 180°scan (quasi-parallel beam) because the X-ray incident beam was blocked by the mechanical rig from À70°to À90°and 70°to 90°. However, reconstructions using full 180°( unobstructed) and partial 140°projections were compared and no visible difference was observed between the reconstructed images except for slight streak artefacts at the outer edge of the sample. Thus the limited angle scan has little influence on the data analysis nor on the detectability of the cracks. Absorption contrast (ACT) and phase contrast (PCT) tomography scans were conducted at each load step as ACT mode provides good contrast between the dentin matrix and the tubules, while the crack is sharper in PCT mode. A filtered-back projection algorithm [55, 56] was used for the reconstruction and the 3D volume was visualised using Avizo V8.0 software.
Strain measurement by digital volume correlation (DVC)
Digital volume correlation (DaVis v8.4, LaVision, Germany) was carried out on each of the CT volume image sequences to map the local deformation under the indenter tip. DaVis software is based on a local approach operating on the intensity values (grey-scale) of 3D images, which has been extensively used in hard tissue biomechanics [52, 57, 58] . Details of the operating principles and algorithm are detailed elsewhere [59] . The volumes were correlated using a multi-pass scheme with a final sub-volume of 48 voxels ($3 mm), reached via predictor passes using sub-volumes of 144, 72, 64 and 56 voxels with a 0% overlap. Displacement vectors were derived by maximising the zero-mean normalised correlation coefficient and sub-volumes with a correlation coefficient below 0.6 were removed from the resultant vectors to avoid artefacts due to poor correlation. Empty spaces in the data were then filled with interpolated vectors and the strain field was obtained by differentiation of the displacement vectors. Random errors on the DVC-computed displacements did not exceed 0.3 mm, whereas the precision [60] of the strain components were found to be approx. 300 Â 10 À6 . The strain field tensor is expressed in polar coordinates (axial (e z ), radial (e q ) and hoop (e h )) relative to the conical indenter.
Fracture surface observation by scanning electron microscopy (SEM)
A 2 Â 2 mm fracture surface was prepared from the elephant dentin, such that the fracture surface was perpendicular to the major axis of the tubules. The sample was decalcified in 5% phosphoric acid (Sigma-Aldrich, Gillingham, UK) for 30 s before dehydration. The sample was dehydrated through ascending grades of ethanol, followed by 100% acetone (Merck, Gillingham, UK), 50:50 acetone/Hexamethyldisilazane (HDMS) (Sigma-Aldrich, Gillingham, UK) and 100% HDMS, then finally stored within a desiccator for 24 h. The fracture surface was then sputtered with a 5 nm thick gold coating, followed by SEM imaging using an Ultra55 SEM (Zeiss, Oberkochen, Germany).
Statistical analysis
For each of the three orientations, at least five repeat nanoindentation tests were conducted. The variance of the experiment data and comparison between groups were examined using the mean and error bars representing the standard deviation performed in Origin 2015. 
Results
Indentation curves
The indentation response of the three differently oriented samples is shown in Fig. 4 . The indentation curves are broadly similar except for the maximum load sustained which is significantly lower for the 0°orientation, with the 70°orientation slightly higher than the 45°orientation. Moreover, it is noted that all the three types of test-pieces display a linear elastic loading regime, followed by an evident yielding process, which implies the microfracture initiation and crack propagation in dentin.
Time-lapse imaging of crack growth
The damage sequences are shown in Figs. 5-7 for the 0°, 45°and 70°orientations respectively. For the 0°test-piece, the horizontal orthoslices (A1-3) in Fig. 5 show that cracks initiate from the indenter and propagate initially parallel to the length of the tusk linking up with microcracks emanating from the tubules parallel to their semi major axes and parallel to the plane of the collagen fibrils (i.e in the axial-radial plane of the tusk). Fig. 5 B1-3 shows the crack behaviour in a longitudinal section: the crack can be seen to propagate downward from the indenter tip along the tubules (cyan arrow in Fig. 5 B2) , but then arrests. In C1-3 a shear crack is evident (yellow arrow) that runs across the tubules. The 3D crack morphology is shown in Fig. 8a for the 0°test-piece. The two types of cracks can be distinguished with the shear crack (rendered yellow) ultimately causing the catastrophic failure (c.f. Fig. 5 C2 and  C3) .
For the sample indented at 45°to the tubules, it is clear from Fig. 4 that much larger loads must be applied than for the 0°case before cracking and failure. Accordingly the dentin accommodates a much more significant indentation before failure. While extensive cracking occurs below 50 mN for the 0°case, tiny cracks only start to initiate at approx. 80 mN (Fig. 6 A1) . The micro-cracks tend to propagate laterally along the semi-major axis of the tubules/collagen fibrils (i.e. along the axial direction of the tusk), as delineated by the yellow arrow in Fig. 6 A2. By the time the load reaches 150 mN, not only is there significant crack growth in the axial direction (yellow arrow), but there are also cracks circumferential to the indenter (cyan arrow). Both of these two types of cracks follow the semi-major axis of the tubules. However, no cracks are observed parallel to the hoop direction (green axis) of the tusk (i.e. along the semi-minor axis of the tubule cross section). The lateral views in Fig. 6 B1-3 show lots of small cracks parallel to the semi-major axis of the tubule cross section. However, in contrast to the 0°case very few micro-cracks are observed in the yz plane ( Fig. 6 C1-3 ) before the formation of a large shear crack cutting through the tubules transversely at the maximum load. The 3D morphology of the cracks can be appreciated in Fig. 8b .
For the sample indented at 70°to the tubules, a very different response is evident ( Fig. 7 A1-3) ; very tiny cracks are generated radial to the indenter especially in lobes normal to the ydirection. The length and number of these cracks do not increase significantly with loading. These are also evident in the y-z slices (C series in Fig. 7) . Higher load increments do not cause these cracks to extend further, but rather cause them to open further. The lateral views of the xz plane show that a short crack initiated from the indenter tip in the hoop direction of the tusk stops propagating despite the increasing load ( Fig. 7 B1-3 ). In the yz plane, two types of crack can be seen: one set in the hoop direction (red arrow in Fig. 7 C3) and the other in the axial direction of the tusk, following the semi-major axis of the tubule cross section (green arrow in Fig. 7 C3) . Upon increasing the indenting load, the growth of the hoop crack is slow so that only the axial crack is propagating.
The very different cracking behaviour is also evident from the 3D rendering in Fig. 8c showing many very short cracks that do not appear to propagate being localised to the vicinity of the indenter tip. They divert from the indentation direction towards the semi-major axis of the tubules (axial direction of the tusk). Video 1 exhibits the 3D microstructure of elephant dentin (using 45°as an example) and the dynamic crack propagation under indentation experiment.
Taken together these results confirm the highly anisotropic nature of elephant dentin with most of the cracks tending to grow along the semi-major axis of the tubules (length of the tusk) and especially in a plane that also includes the long axis of the tubules (in many cases linking up pre-existing microcracks radial-axial emanating from the tubules). No cracks appear to grow in the hoop direction of the tusk.
Crack-tip strain field mapping
It is clear from the sequential cross-sectional images in Fig. 9 that considerable plastic deformation occurs immediately under the indenter tip in the 0°test-piece despite its propensity for large cracks. It is noteworthy that a crack initiates in the region where the plastic shear is greatest (evidenced by the bending of the tubule). This shear crack ultimately results in catastrophic failure.
In order to better understand the deformation that takes place under the indenter tip, digital volume correlation (DVC) has been used to map the strain fields quantitatively. Unsurprisingly the DVC strain maps consistently show a general increase in compressive strain with load for all the test-pieces along the axial direction relative to the indenter (e z ), irrespective of the tubule orientation as shown in Fig. 10 . The axial strains are essentially axially symmetric and reflect the profile of the conical indenter profile. These results confirm that extensive plastic deformation has taken place, given that the yield strain was previously found to be around 0.9% for hydrated and dehydrated elephant dentin [14] . A closer inspection of the results reveals that the build-up of compressive strain in the 0°test-piece is less extensive compared to the 45°test-piece before catastrophic failure just above 58 mN. The 70°test-piece displays the lowest compressive strain among all the three orientations. This difference is closely associated with the collagen orientations relative to the tubules and the indention axis as discussed later.
The hoop strains 4 lm below and above the indenter are shown in Fig. 11a and b respectively for the 0°, 45°and 70°cases. The hoop strains, in contrast to the axial strains, reflect to anisotropy of the dentin. It is clear in Fig. 11 that for the 0°sample the hoop strains are much more significant perpendicular to the semi-major axis of the tubules rather than along it. This is in line with the fact that the collagen fibrils lie parallel to the semi major axis making this direction much stiffer. In addition it is clear that the hoop strain has been accommodated by microcracks that emanate from the tubules along the semi-major axis (radial-axial plane of the tusk) ahead of the indenter. As a result the high tensile strain regions (red zones marked with a 'T') are associated with mode I cracks cleaving the dentin along the tubule major axis direction. For the 45°case the hoop tensile strain is also highly anisotropic being most tensile where the tensile hoop stress can open cracks approximately parallel to the semi-major axis of the tubules (parallel to the collagen fibrils). For the 70°case, the largest tensile hoop strains (top-left and bottom right of the image) do not appear to correspond to the locations where the cracks initiate in Fig. 7A although radial cracks do appear to proliferate around most of the circumference of the indenter in Fig. 7 A3 . Unsurprisingly above the indenter tip much more extensive cracking is evident (Fig. 11b) , with the cracks mainly associated with the high tensile hoop strain regions and for the 0°and 45°test-pieces at least in locations being oriented radial to the indenter in locations where the collagen fibrils are oriented radially.
Discussion
This study has examined crack initiation, microfracture and plastic deformation in three types of test-pieces with different orientations in ivory tusk to understand their interplay with the tubule and collagen fibril arrangement using in situ 3D X-ray nano-computed tomography (nano-CT). The long axis of the collagen fibrils aligns approximately with the axis of the tusk with the oscillation of ±15° [12, 14] in the hoop plane. They also oscillate by ±5°in the radial plane [13] , which makes the mechanical properties (fracture toughness, plastic deformation, bending and tensile strength) of the elephant tusk significantly anisotropic. This is in contrast to the human dentin in which the collagen fibrils are randomly oriented in a plane perpendicular to the tubule axis [61] .
In concert with the alignment of the collagen fibrils with the axis of the tusk, the tubules are lenticular (see Fig. 1d and e) with the semi-major axis aligned with the collagen fibrils. This means that microcracks can easily form in the radial-axial plane. The network of collagen fibrils and tubule microcracking in tusk dentin plays an important role in intrinsic and extrinsic crack-tip shielding mechanisms [14, 26, 28, 29] . For the 0°test-piece, two types of cracks are observed in this study: one follows the tubules in the axial-radial plane of the tusk (yellow crack in Fig. 12 ) along the semi major axis of the tubules and the other cuts across them due to shear (cyan crack in Fig. 12 ). It is clear that the propensity of the dentin to crack in the radial-axial plane determines the path of both types of crack and is responsible for the low resistance of our sample to cracking and because of the small sample size the shear crack soon runs out of the sample giving catastrophic failure in our case. For a larger sample the cracks could ultimately arrest. This orientation is equivalent to radial indentation of the tusk and could lead to axial splitting of the tusk.
For the 70°test-piece, the collagen fibrils are largely aligned perpendicular to the indenting direction, providing high resistance to cleavage failure around the indenter (Fig. 12 ). This explains why the very few vertical cracks in tusk hoop direction stop their growth (yellow arrow in Fig. 7 C2-C3 ) and tiny cracks show tendency to be deflected horizontally towards the radial-axial plane direction. This is in good agreement with our previous observa-tions of large crack deflections (>70°) for compact tension samples where cracks are introduced in the radial-hoop plane [14] . This is different from what was inferred from a previous study that the crack would follow a zig-zag trajectory due to the oscillation of the collagen fibrils [13] . The alignment of the collagen fibrils effectively helps to accommodate the strain energy and provides significant intrinsic crack-tip shielding in the hoop direction ( Fig. 11) . As a result, no major crack is observed in this test-piece, instead, distributed short cracks are formed (Fig. 8c) , which are advantageous in that they absorb energy, mitigate stress concentration and inhibit catastrophic failure. Apart from intrinsic shielding, crack deflection is regarded as an important extrinsic shielding mechanism as the cracks are directed to a plane of much lower driving force and the fracture mode is changed from Mode I (tension) to Mode II (shear) or mix mode (Mode I + Mode II). Compared to the 0°testpiece, the shear crack here will experience much higher resistance due to the arrangement of the oscillating-plywood architecture of the collagen fibrils.
The 45°test-piece can be regarded as a combination of the fracture behaviour of the other two orientations showing: shear cracking (cyan) and axial cracking (yellow) of the tusk along the major axis of the tubule cross section, which is caused by either longitudinal compressive stress (Figs. 9 and 10) or stress along the minor axis of the tubule in the tusk hoop direction (Fig. 11) . As a consequence, the crack morphology is different from the other two: localised microfracture is observed to initialise across multiple tubules in the manner of shear and axial cracking (yellow and cyan arrow in Fig. 12 respectively) at low loads (30 mN), which then propagates by coalescing with similar cracks nearby. The existence of microcracks, altogether with the efficacy of collagen fibrils, contribute to a much higher sustainable hoop tensile strain in the 45°testpiece compared to 0°test-piece. It is the extrinsic (bridging, deflection, micro-cracking) and intrinsic (collagen fibrils deformation) shielding mechanisms that ensure sub-critical propagation of the cracks, dissipating the energy as the crack proceeds.
It is worth pointing out that this study was conducted on dry instead of hydrated dentin for three reasons: 1) the whole experi-ment took up to five days thus any pre-hydrated dentin would dry out during the experiment; 2) water could cause the test-piece to drift while it is drying and undermine the sharpness of the reconstructed data; 3) the refractive effect of water on X-ray will further affect the detectability of tiny cracks. However, the phenomena observed here are still valid for hydrated dentin, which is known to have higher fracture toughness than the dry one. In other words, while the 45°and 70°will have more effective crack shielding compared to the 0°test-piece, the crack morphology, propagation propensity and anisotropic behaviour will be the same. The crack propagation results indicate that cracks tend to be deflected towards the axial direction of the tusk. This is consistent with the function of the tusk: as elongated upper incisors they are mainly used for digging and carrying load. These activities impose substantial bending moment on the tusk, similar to those experienced by antlers and bones [62, 63] . As a consequence, the collagen fibrils and tubules are arranged accordingly to provide significant axial strength and resistance to cracks perpendicular to the length of the tusk via deflection towards radial-axial of cracking, which is the least load-bearing direction. The findings in this work can also be extended to the study of anisotropic cracking and fracture analysis of archaeological bones in which the fissures are normally along the shaft direction and post mortem cracks produced by agencies or weather tend to align with the split-lines produced by punctures with a needle and decalcification [64] .
Conclusions
This paper presents the first study of crack propagation in three dimensions at the nanoscale by time-lapse X-ray nano-CT. Crack propagation has been studied by indenting tusk at 0°, 45°and 70°to the tubule axis. Several important conclusions can be drawn:
1. Both the axial alignment of collagen fibrils and the related tendency for microcracks to emanate in the axial direction from the radially aligned tubules within tusk lead to a very anisotropic crack propagation behaviour. 2. As the angle between the tubule axis and indentation axis increases the propensity for crack deflection and crack-tip shielding increases, moving from a small number of long cracks towards a network of smaller, and less threatening, cracks. a. The 0°test-piece with the tubules aligned with the indentation axis failed at the lowest stress with two dominant cracks; one in the axial-radial plane of the tusk linking up and following the line of the tubules, the other a shear crack crossing the radial tubules. b. The test-piece oriented with the tubules at aligned 70°s howed many small cracks radial to the conical indenter at relatively low loads, but these penetrated relatively shallow depths before being diverted by the tubule/collagen at 70°. They did not propagate significantly with increased loading. oriented test-pieces. The associated microstructure can be seen from the corresponding CT slices (superimposed). The 3D trajectory of the tubules (blue) are shown schematically in each case, with the orange arrow and green arrow representing the semi-major axis (longitudinal to the tusk) and semi-minor axis (circumferential to the tusk) of the tubules respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) c. The crack morphology of 45°test-piece shows aspects of the 0°and 70°samples: many tiny cracks appeared early on, indicating a well-established sub-critical crack growth, followed by catastrophic failure through a large coalesced crack. 3. Strains well in excess of the 0.9% yield strain were recorded by digital volume correlation suggesting extensive plastic deformation. This was also evidenced by bending of the tubules. 4. Despite indentation by a conical indenter significant anisotropy in the hoop strain was recorded ahead of the indenter with lower strains recorded parallel to the collagen fibrils, while higher tensile hoop strains generally correlated with regions that go on to show significant cracking radial to the indenter as it penetrates further. For the 0°and 45°samples these cracks were associated mainly with cracking on a plane radial-axial to the tusk. 
